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INTRODUCTION
A current challenge in renewable energy is the development of processes that allow us to generate alternative fuels in a sustainable manner. Methane gas is an abundant precursor of liquid fuels, but current strategies for its selective conversion to methanol, a necessary step in its utilization, are neither economical nor sustainable. 1 Methanotrophic bacteria utilize methane as a sole carbon source. The first step in the metabolism of methane by these organisms is its selective conversion to methanol by methane monooxygenase enzymes (MMOs) (eq 1). Two methane monooxygenases have evolved to (1) perform this reaction: a membrane-bound particulate MMO (pMMO) present in most methanotrophs, and a soluble MMO (sMMO) expressed in several methanotrophs under copper-limited conditions. Both 6 because the rate constant for O 2 -promoted MMOH red decay was significantly faster than that describing formation of the earliest observed oxygenated-iron species arising from the reaction, intermediate Q The single quadrupole doublet observed in the Mössbauer spectrum of Mt Q suggested similar ligand environments for both Fe(IV) atoms (Table 2) . 39 In contrast, two equal-intensity quadrupole doublets were detected for Mc Q. 11, 18 An EXAFS spectrum of Mt Q was interpreted in terms of a di(µ- 'diamond core' analogue. 42 A third study revealed the rate of 9,10-dihydroanthrocene oxidation by [Fe bonds in a fashion similar to sMMO, revealed that sequential transfer of two protons to the distal oxygen atom of a dioxygen unit bound terminally to the iron center provides the driving force for heterolytic O-O bond cleavage. This event results in the release of a water molecule and formation of the iron(IV)-ligand radical species responsible for the hydroxylation chemistry. 45 Based on these findings, a similar type of mechanism was envisioned for sMMO ( Figure 6a ).
The first studies probing proton involvement in sMMO, performed by our group, demonstrated that proton transfer is not rate-determining for any of the O 2 activation events, including O-O bond cleavage. 11 We employed stopped-flow optical spectroscopy to probe the proton-dependences of the events that occur upon rapidly mixing a solution of Mc MMOH red and MMOB prepared in 10 mM MOPS at pH 7.0 with O 2 -saturated 100 mM buffer having the desired reaction pH. 11 Using this method, all of the O 2 activation processes monitored were independent of pH between pH 6.6 and 8.6 at 4 °C. An examination of the same reaction in D 2 O showed a negligible effect of isotopic substitution.
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Together these two observations suggested that proton transfer is not rate determining for any of the processes monitored. We proposed a mechanism involving proton-independent, homolytic O-O bond cleavage (Figure 6b ), although the studies did not rule out the possibility that fast proton transfer (i.e.
not rate-determining) did occur during the steps investigated.
Subsequent, contrasting findings were reported for Mt MMOH. 47 The authors of these studies also utilized stopped-flow optical spectroscopy to investigate the effects of pH and D 2 O on events resulting from the reaction of MMOH red and MMOB with O 2 -saturated buffer in the presence of MMOB. For pH dependence experiments, protein samples were preincubated at the desired reaction pH. The experiments revealed that H peroxo formation and H peroxo to Q conversion, but not Q decay, were pHdependent between pH 6.5 and 8.6 at 4 °C. Both pH-dependent processes displayed sigmoidal pH rate profiles revealing negligible activity at high pH. That for H peroxo formation was fit to the mathematical description of Scheme 1, model i, describing a single, reversible ionization of P* followed by irreversible conversion to H peroxo . A pK a value of 7.6 was assigned from the data fit. Similarly, the pH rate profile of H peroxo to Q conversion was fit to the equation describing Scheme 1, model ii, with a pK a of 7.6. We recently reexamined O 2 activation in the Mc system. 24 Experiments were performed by rapidly mixing a solution of MMOH red and MMOB preequilibrated at the appropriate pH with O 2 -saturated buffer. The data showed conclusively that proton transfer is rate determining for P* to H peroxo and H peroxo to Q conversion but not for P* formation, Q to Q* conversion, or Q* decay at 4 °C. As in the Mt system, the pH rate profile of P* to H peroxo conversion fit well to the analytical equation describing Scheme 1, model i, with a pK a value of 7.2. Unlike the Mt system, however, the pH rate profile of H peroxo to Q conversion did not fit well to the mathematical solution of Scheme 1, model ii. Instead, model iii, describing a doubly ionizing system, was necessary to fit the data. pK a values extracted from the fits were pK 1 = 7.9 and pK 2 = 7.0. A likely explanation for the differences observed in the two Mc experiments is the procedure employed. The early experiments relied on a pH jump instead of a preincubation. The former depends on the ability of the active site to equilibrate with the bulk solvent on the experimental timescale. Probably such was not the case, because the hydrophobic nature of the MMOH active site cavity will make it difficult for the external pH to be realized at the site of the reaction chemistry for the faster timescale of the pH jump experiment.
We also reexamined the KSIEs for the Mc O 2 activation events. 24 Experiments performed in D 2 O returned values of 2.0 ± 0.2 for P* to H peroxo conversion and 1.8 ± 0.3 for H peroxo to Q conversion, further supporting a role for proton transfer during these steps. Based on these data, we proposed a mechanism in which proton transfer promotes O-O bond cleavage (Figure 6c ). Because it is likely that E243 must dissociate from its bridging position to allow for Q formation, the recent finding that treatment of 49 we proposed that the first proton is transferred to E243 instead of the peroxide unit. Additional support for this mechanism comes from the similarity between the spectroscopic properties of P* and H peroxo , suggesting that their iron-oxygen cores are the same. The spectroscopic properties of peroxodiiron(III) and hydroperoxodiiron(III) units are expected to be different, however.
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The Future of sMMO. Although sMMO has been a topic of intense biochemical investigation for over thirty years, many aspects of its important chemistry remain enigmatic. As with any longstanding scientific problem, the questions that remain about the system are difficult ones to answer. What are the structures of P*, H peroxo , and Q? What makes Q such a potent oxidant and can we use that information to design new catalysts? Is it possible to engineer the system at a protein or whole-cell scale suitable for industrial production of alternative fuels and for bioremediation purposes? Given the current environmental challenges that face our society, we believe that it is crucial to continue to investigate how this catalyst works. With new findings and advances in spectroscopic tools, the coming years should bring to light a new era in sMMO chemistry.
The structure of intermediate Q and to a lesser extent those of H peroxo and P* remain top priorities in the field. Another challenge that has hampered our understanding of this enzyme is the inability to generate sufficient quantities of soluble enzyme bearing site-directed amino acid mutations in a robust manner. Breakthroughs in the bioengineering of the system for additional biochemical and spectroscopic studies will require more fundamental knowledge of the protein factors involved in its 
